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Langley Research Center 
An experimental investigation was conducted to determine the effect 
of low-velocity impact damage and circular holes on the compressive 
strength of a 48-ply orthotropic graphite-epoxy laminate. Spec hens 
were impacted by 1.27-cm-diameter aluminum spheres with speeds ranging 
from 52 t o  101 m/s. Some specimens were impacted without any applied 
compressive load and then loaded to failure to determine their residual 
strength. Wher specimens were loaded to a prescribed axial compressive 
stl-iin and impacted while at that applied load. Loaded specimens that 
did not fail catastrophically on impact were subsequently loaded to 
fallure to determine their residual strength. Low-velocity impact 
dax:~ge vas found to degrade seriously the laminate static compressive 
strength. Low-strain compression-compression cyclic loading was found 
to degrade further the compressive strength of impact-damaged specimens. 
Specimens with circular holes having diameters up to a third of the 
slwimen width were loaded to failure in compression. It was found 
that circular holes can also degrade the static compressive strength 
of tb-e laminate. The effects of circular holes and impact damage on 
ttil. compressive strength of the laminate are compared. 
Advanced composite materials o f f e r  an a t t r a c t i v e  po ten t i a l  f o r  reducing 
t h e  mass of modern aerospace-vehicle s t ruc tu ra l  components. To achieve 
t h i s  potent ia l ,  minimum-mss s t ruc tu ra l  designs must be provided t h a t  
re l iably  s a t i s f y  required design const ra in ts  and carry  design loads. 
Reliable designs can be provided only *.en all f a i l u r e  mechanisms and 
operational hazards t h a t  a f fec t  t h e  in teg r i ty  of a s t ruc tu ra l  component 
a r e  ident i f ied  and understood. One operational hazard t h a t  can a f fec t  
the  s t ruc tu ra l  in t eg r i ty  of composite compression components i s  low- 
veloci ty impact damage t h a t  can occur i n  service o r  during maintenance. 
Test r e su l t s  from preliminary s tudies  ( r e f s .  1 and 2) indica te  t h a t  
the  f a i l u r e  s t r a i n  of minimum-mass hat-stiffened graphite-epoxy 
compression panels designed f o r  high s t r a i n s  can be degraded seriously 
by low-velocity impact damage. Other t e s t  results from these  s tudies  
( r e f .  1 )  indicate t h a t  the  presence of a small c i r c u l a r  hole can a l s o  
reduce t h e  compressive f a i l u r e  s t r a i n  of these  hat-stiffened panels. 
The geometric complexity of s t i f fened panels makes it d i f f i c u l t  t o  
i so la te  and ident i fy  the  flmdamental mechanisms t h a t  contr ibute t c  t h e  
reduction i n  panel compressive strength. Studies of  t h e  e f fec t s  of 
low-velocity impact damage on the  compressive strength of composite 
components can be simplif ied by studying geometrically simpler f l a t  
laminates . 
This paper presents the  r e s u l t s  of  an exploratory t e s t  program t o  
determine the  e f fec t  of low-velocity impact demage on t h e  compressive 
strength of a 48-ply orthotropic graphite-epoxy f l a t  laninate.  The 
p ro jec t i l e  mass and speeds simulatz momenta t y p i c d  of low-velocity 
h p a c t  hazards t h a t  can occur in  commercial a i r c r a f t  service. The 
laminate selected is typica l  of designs being proposed f o r  fu ture  
heavily loaded a i r c r a f t  wing skins and has extensional and shear 
s t i f f n e s s  properties s imilar  t o  exis t ing  t.*ansport a i r c r a f t  wing skins 
designed fo r  an ultimate compressive loading of 2.63 MN/m. Results 
from t e s t s  performed t o  determine t h e  e f fec t  of c i r cu la r  holes on t h e  
compressive strength of the  same laminate a r e  a l so  presented f o r  
comparison with the  impact-damage results. The character of t h e  laminate 
loca l  impact damage is described, t h e  e f fec t s  04 impact damage and 
c i rcu la r  holes on the  s t a t i c  compressive strength of t h e  laminate a r e  
discussed, and the  e f fec t  of cyclic compressive loading on impact- 
damaged specimens is  described. 
TEST SPECIMENS 
The specimens t e s t ed  in t h i s  invest igat ion were fabricated from 
commerciaily available 4 5 0 ~  cure graphite-epoxy preimpregnated tapes. 
The tapes were made of unidirect ional  Thornel 300 graphite f ibe r s  
p~eimpregnated with Narmco 5208 epoxy res in  and were laiO CF to form a 
( h 4 5 / 0 , / h 4 5 / 0 , / 2 4 5 / 0 / ~ ) ~  laminate v i t h  48 p l i e s .  These l d n a t e s  
were cured i n  an autoclave using t h e  manufacturer's recommended procedures. 
Following cure, t b e  laminates were ul t rasonica l ly  inspected t o  es tabl i sh  
specimen qual i ty ,  cut  in to  test specimens, and t h e  ends of t h e  specimens 
were ground f l a t  and p a r a l l e l  t o  permit uniform compressive loading. 
Most specimens were 11.4 cm wide by 24.8 cm long, but a small number were 
12.7 cm wide by 25.4 cm long. Circular  holes were machined i n  the  center  
of some of the  specimens with diamond impregnated core b i t s .  One s ide  
of the  specimens was painted white t o  r e f l e c t  l i g h t  so a moire-fringe 
technique could be used t o  monitor out-of-plane deformations. The other  
s ide of the  inpact specimens was coated with a b r i t t l e  lacquer t o  provide 
a qual i ta t ive  measure of impact damage. 
The length and width of the  specimens were chosen so  the  fundemenhl 
mechanisms tha t  a f fec t  compressive strength could be ident i f ied  and studied 
without the  use of any i n t e r i o r  l a t e r a l  r e s t r a i n t s  awey from the  specimen 
edges. The width of the  specimens was selected s o  the  l o c a l  region 
influenced b:r the  i n i t i a l  irupact damage o r  holes would be removed from 
specimen edge ef fec ts .  Also, t h e  width and length were sized so t h a t  a 
strength fa i lu re  would be more l i k e l y  t o  occur than a buckling fa i lu re .  
The buckling load of the  11.4 cm by 24.8 cm specimens without impact 
damage or  holes was determined, using t h e  BUCLASP 2 computer code ( re f .  3 ) ,  
t o  be 4.40 MN/m a t  t~ longitudinal s t r a i n  of 0.0093. The lamina propert ies  
used fo r  the  analysis  a r e  given i n  Table 1. 
APPARATUS 
Test specimens were loaded in  axial compression using a 1.33-MN 
capacity controlled-displacement hydraulic t e s t i n g  machine f o r  the  s t a t i c  
load t e s t s  and a 0.51-MN capacity controlled-load hydraulic t e s t i n g  
machine fo r  the  cyclic  load t e s t s .  The loaded ends of t h e  specimens were 
clamped by f ix tures  during t e s t i n g  and the  edges were simply supported 
by knife-edge r e s t r a i n t s  t o  prevent t h e  specimen f r m  buckling as a wide 
column. A typica l  specimen i n  t h e  support f i x t u r e  is shown i n  f igure  1. 
Elect r ica l  resistance s t r a i n  gages were used t o  monitor s t r a i n s ,  
and direct-current d i f f e r e n t i a l  transformers were used t o  monitor a x i a l  
displacement and displacements normal t o  the  specimen surface. A l l  
e l e c t r i c a l  s ignals  and the  correspondings applied loads were recorded on 
magnetic tape a t  regular time intervals  during the  t e s t s .  Deflections 
normel t o  the  specimen surface were a lso  monitored by the  moire-fringe 
technique. 
The equipment used t o  propel t h e  1.27-cm-diameter aluminum spheres 
used as impact projec t i les  is  shown schematically i n  f igure 2. A i r  
pressure developed i n  the  reservoir ruptures the  diaphragm and a l l q w s  (he 
compressed a i r  in  the  reservoir  t o  pass through an o r i f i c e  and force the  
projec t i le  down the  barre l .  An electronic detector  a t  the  end of the  
barre l  measures the  p ro jec t i l e  speed. 
An ultrasonic C scan flaw detector was used t o  measure the  extent of 
impact damage. This detector is a high-resolution conmcrcial instrument 
tha t  uses a focused pulse-echo type 15-MEz piezoelectric transducer. Both 
the transducer and the  specimens were innnersed i n  a tax& of water, and the  
transducer was mounted t o  a traversing mechanism t o  scan the  region of 
in teres t .  This equipment and procedure a r e  described Purther i n  
reference 4. 
TESTS 
The three types of t e s t s  conducted during t h i s  investigation are:  
1) damage characterization t e s t s  on specimens t o  determine the  nature of 
local impact damage; 2) s t a t i c  compressive load t e s t s  on control specimens 
without any impact damage or  holes, on specimens subjected t o  impact 
damage, and on specimens with circular  holes t o  determine t h e i r  compressive 
strength; and 3) cyclic compression-compression t e s t s  on impact-damaged 
act: undamaged specimens t o  determine t he  effect  of low-strain cyclic 
loading on compressive strength. 
Damage Characterization Tests 
Unloaded specimens were supported i n  the  t e s t  f ix tu re  and subjected 
t o  impact damage. The impacted specimens were then inspected both 
visually and by the ultrasonic C scan procedure. Some of these specimens 
were cross sectioned through the  damaged region and examined 
microscopically. 
S ta t i c  Load Tests 
Control specimens. - Five control specimens without impact damage o r  
holes were tes ted in  compression t o  determine t h e i r  c r i t i c a l  compressive 
loads and s t ra ins .  Buckling was defined by the  load-strain response and 
strain-reversal techniques. The s t ra in  measurements were complemented by 
the moire-fringe method which provided visual definit ion of out-of-plane 
deformat ioils. 
Impact-damage spec imens . - Four spec h e n s  were impacted without any 
applied compressive load and then loaded in  axial compression t o  determine 
the i r  residual strength. Eighteen specimens were loaded t o  prescribed 
axial compressive s t ra ins  and impacted while loaded. Specimens t ha t  did 
not f a i l  catastrophically on impact were subsequently loaded t o  fa i lu re  
t o  determine the i r  residual strength. During the  residual strength t e s t s  
of these specimens a moire-fringe method was used t o  observe the  
out-of-plane deformations. In a l l  impact t e s t s ,  the  project i les  were 
directed normal t o  the  specimen surface a t  speeds that  ranged from 
52 t o  101 m/s. 
Circular-hole specimens. - Ten specimens, each with a s ingle  c i rcu la r  
hole i n  the  center,  vere loaded i n  compression t o  fa i lu re .  The 
specimens had hole diameters ranging frcm 0.16 t o  3.81 cm (diameter-to- 
vidth ra t ios  ranging from 0.014 t o  0.333). Small s t r a i n  gages were uaed . 
t o  monitor the  strains i n  t h e  hole region. Gages 1.3 nna wide by 0.8 nm! 
long were used t o  measure interlaminar normal s t r a ins  on t h e  surface of 
t h e  hole and gages 0.3 mu wide by 1.8 mm long were used t o  measure t h e  
inplane axial s t r a i n s  near the  hole boundary. Gages 3.2 llrm wide by 6.4 ~mn 
long were used t o  measure t h e  inplane axial s t r a i n s  f a r  from t h e  hole. 
The s t r a i n  measurements were complemented by the  moire-fringe method f o r  
out-of-plane deformations. 
Cyclic Load Tests 
Three undamaged and four impact-damaged specimens were subjected t o  
low-strain cyclic compression-compression loading t o  determine i ts  e f fec t  
on compression strength. These specimens were cycled at a constant 
amplitude s ine  wave loading at a r a t e  of 5 Hz t o  minimize thermal ef fec ts .  
The growth of the  damaged region was observed visually. 
RESULTS AND DISCUSSION 
Damage Characterization Tests 
Unloaded specimens were subjected t o  impact t o  determine t h e  character 
of local  impact damage. Photographs of t h e  back surfaces of two specimens 
impacted a t  58 and 95 m / s  a re  shown i n  f igure 3. The l i g h t  colored regions 
shown i n  the f igure are  regions where t h e  b r i t t l e  lacquer spalled bl- ind 
the  impact location. Radial cracks i n  the  b r i t t l e  lacquer near t h e  
spalled region are also v is ib le .  Both t h e  rad ia l  cracks and t h e  spalled 
region indicate tha t  s ignif icant  deformations have occurred local ly  due 
t o  impact. There is no v i s ib le  damage t o  t h e  graphite epoxy on t h e  back 
surface of the  specimen impacted a t  58 m / s  , but some loca l  surface cracks 
i n  the  graphite epoxy a r e  v i s ib le  on t h e  back surface of t h e  specimen 
impacted a t  95 m/s.  There is no v i s ib le  front-surface damage a t  t h e  
impact location of e i the r  specimens. Photographs of ul trasonic C scans 
of the  damaged regions of these specimens a re  shown i n  f igure 4 with t h e  
same scale used in  f igure 3. Each pass of t h e  transducer i s  represented 
by a l igh t  colored l i n e  i n  the  figure. The s i z e  of the  dark regions 
indicates the  extent of damage i n  both specimens as  a r e s u l t  of impact. 
The damaged region of the  specimen impacted at  58 m / s  i s  smaller and 
more elongated i n  t h e  0' direct ion than t h e  specimen impacted a t  95 m / s .  
Ultrasonic inspection a lso  indicates t h a t  the  spalled b r i t t l e  lacquer 
provides a qual i ta t ive  approximation t o  t h e  s i ze  of the  damaged region. 
Photomicrographs of a cross section normal t o  t h e  O0 f ibers  through t h e  
damaged region of the  specimens a re  shown i n  f igure  5. The photomicrograph 
of the specimen impacted a t  58 m/s shows only a small amount of in t raply  
cracking and delamination i n  the  impact region. m e  p4otolpicrograph of 
the  specimen impacted a t  95 m / s  shows extensive i n t r a m  matrix cracking 
and delemination i n  the  impact region. This crackibg and delamination 
extends 3.4 cm across the  width of t h e  specimen. This, extensive region of 
delamination has changed the  48-ply orthotropic laminate i n t o  a number 
of thinner sublaminates i n  the  damaged region t h a t  are l i k e l y  t o  be 
anisotropic, thus reducing loca l  s t i f fnesses  and causing loca l  anisotropic 
coupling. The ul trasonic C scans i n  f igure 4 and t h e  photomicrographs 
in  figure 5 indicate t h a t  the  p ro jec t i l e  used i n  t h i s  study causes 
subs tant ia l  in ternal  damage t o  t h e  laminate with no v i s i b l e  external  
damage a t  the  impact s i t e  fo r  speeds up t o  approximately 100 m / s .  
S t a t i c  Load Tests 
Control specimens. - Thz resu l t s  of the  control-speche3 t e s t s  a r e  
presented i n  Table 2. Moire-fringe pat terns  indicated t h a t  specimens N 1 ,  
N3, N 4  and F1 buckled i n t o  two axial half weves and one t ransvt rse  ha l f  
wave. Specimen N2 fa i l ed  near an end f i x t u r e  a f t ; ? .  back-to-back s t r a i n  
gages indicated the  onset of bending. Specimens N1 and F1 f a i l e d  near an 
et;d f ix tu re  jus t  after buckling was indicated by t h e  moire-fringe pat terns.  
The loading o" specimens N3 and N4 was stopped before f a i l u r e ,  but after 
the moire-fringe pat terns indicated buckling. These specimens (N3 and N4 
were subsequently used fo r  impact-damage t e s t s .  The differences i n  t h e  
control-test r e s u l t s  were caused by loca l  s t r e s s  concentrations t h a t  
developea i n  s m d l  gaps between the  end f ix tu res  and edge supports when 
out-of-plane deformations occurred. When out-of-plane deformations 
occurred, the  end f ix tures  and edge supports moved r e l a t i v e  t o  one another 
causing the  specimens t o  f a i l  i n  one of these gaps. Also, mall surface 
i r r egu la r i t i e s  could a f fec t  the  t ightness of f i t  of t h e  edge supports 
and introduce d i f ferent  degrees of edge-support f l e x i b i l i t y .  Even 
though there i s  s c a t t e r  i n  the  r e su l t s  presented i n  Table 2, these 
r e su l t s  confirm t h a t  the  specimens buckle a t  s t r a i n s  high enough t o  assure 
tha t  strength-controlled fa i lu res  a r e  l i k e l y  t o  occur when the re  is  impact 
damage or  a hole in  a specimen. 
Impact-damage specimens. - The r e s u l t s  of the  impact-damage t e s t s  
a re  presented i n  , .Sle 3, and the  e f fec t  of p r o j e c t i l e  speed on specimens 
impacted while loaded t o  a prescribed ax ia l  s t r a i n  is  shown i n  f igure 6. 
The applied ax ia l  s t r a ins  of the  loaded specimens t h a t  f a i l e d  catastro-  
phically on impact a re  represented by the  f i l l e d  c i r c l e s  i n  f igure  6 
and the  applied s t r a i n s  of the  specimens t h a t  d id  not f a i l  catastrophical ly 
on impact a r e  represented by open c i rc les .  The r e s u l t s  from Table 2 f o r  
the  undciged control specimens a re  shown on the  ordinate a s  open c i r c l e s  
for  comparison, and the  p ro jec t i l e  k inet ic  energy i s  a l so  shown on the  
abscissa f o r  reference. The dashed curve in  f igure  6 represents a lower 
bound o r  catastrophic f a i lu re  threshold separating r e s u l t s  of specimens 
t h a t  f a i l ed  on impact from those t h a t  did not. The trend of t h i s  
catastrophic f a i l u r e  threshold indicates t h a t  the  compressive strength 
of these loaded impact specimens is  seriously degraded with increasing 
projec t i le  speed with most of the  degradation having occurred by about 
80 mls. A typica l  f a i l ed  specimen is  shown i n  f igure  7. 
The e f f e c t  of projectile speed on t h e  r e s idua l  s t rength  of a l l  
specimens t h a t  d id  not f a i l  ca tas t rophica l ly  on impact is  shown i n  
f i gu re  8. The open c i r c l e s  i n  f i g u r e  8 i n d i c a t e  t h e  axial s t r a i n  t h e  
specimens were carrying a t  t h e  moment of  impact, and t h e  f i l l e d  c i r c l e s  
represent t h e  s t r a i n  a t  f a i l u r e  measured during r e s idua l  s t rength  t e s t s .  
Each open c i r c l e  i n  f i gu re  8 has a corresponding f i l l e d  c i r c l e  d i r e c t l y  
above it, and t h e  d i f fe rence  i n  s t r a i n  between two corresponding c i r c l e s  
represents  t he  addi t iona l  appl ied a x i a l  s t r a i n  ca r r i ed  by a damaged 
specimen. Results from Table 2 f o r  t h e  cont ro l  tests a r e  shown on t h e  
ordinate  of f i gu re  8 a s  f i l l e d  c i r c l e s  f o r  comparison, and t h e  p r o j e c t i l e  
k i n e t i c  energy is shown on t h e  absc issa  f o r  reference. The ca tas t rophic  
f a i l u r e  threshold curve from f igu re  6 is  a l s o  shown on f igu re  8 as a 
dashed curve f o r  comparison. Specimens impacted i n  t h e  50 t o  60 m / s  
range t h a t  d id  not f a i l  ca tas t rophica l ly  on impact have r e s idua l  
s t rengths  between 0.0104 and 0.0087 a x i a l  s t r a i n  which i s  on t h e  
same order  a s  t h e  undamaged cont ro l  specimens. Three of t h e  lou r  specimens 
impacted i n  t h i s  speed range f a i l e d  near an end f i x t u r e  and t h e  four th  
f a i l e d  through t h e  impact s i t e .  Specimens impacted i n  t h e  80 t o  100m/s  
range have res idua l  s t rengths  t h a t  a r e  only between 0.0044 and 0.0034 
axie3 s t r a i n .  Specimens impacted i n  t h i s  speed range with no appl ied 
axi t l  load f a i l  at higher values of  appl ied a x i a l  s t r a i n  than those 
impacted while loaded a x i a l l y  and, consequently, have higher r e s idua l  
s t rengths.  Furthermore, a comparison of t h e  r e s idua l  s t rength  r e s u l t s  of 
figure 8 with the  catastrophic f a i l u r e  threshold from f igu re  6 ind ica t e s  
t h a t  catastrophic f a i l u r e  of  specimens impacted while loaded axi~.l?y 
occurs a t  applied s t r a i n s  t h a t  a r e  s l i g h t l y  below t h e  r e s idua l  s t rength  
r e s u l t s  of specimens impacted without appl ied a x i a l  load i n  t h e  80 t o  
100 m / s  p r o j e c t i l e  speed range. However, i n  t h e  50 t o  60 m / s  p r o j e c t i l e  
speed range t h e  catastrophic f a i l u r e  threshold s t r a i n s  f o r  specimens impacted 
while loaded ax ia l ly  i s  on t h e  order  of 0.002 t o  0.003 l e s s  s t r a i n  than 
the  res idua l  s t rength  r e s u l t s  f o r  specimens impacted without appl ied a x i a l  
load. This difference i n  loaded and unloaded impact t e s t  r e s u l t s  ind ica tes  
t h a t  t he re  is  an in te rac t ion  o r  coupling between t h e  appl ied inplane load  
and t h e  l o c a l  deformations associated with impact. The exis tence of t h i s  
coupling is a l s o  supported by u l t rasonic  C scan and c ros s  s ec t iona l  
photomicrograph data.  Ultrasonic C scans made before  t h e  r e s idua l  
s t rength t e s t s  ind ica te  t h a t  damage due t o  impact f o r  t h e  specimens 
impacted between 50 and 60 m / s  i s  l o c a l  and approximately c i r c u l a r  with 
1.8 t o  2.5 cm diameters. These specimens had no v i s i b l e  f ront -  o r  back- 
surface damage. Visual inspection of t h e  specimens impacted between 80 
arid 100 m / s  indicated t h a t  some l o c a l  45' cracks ex i s t ed  on t h e  back 
surfaces but no front-surface damage was evident.  Ultrasonic C scans 
of these  specimens ind ica te  t h a t  t h e  l o c a l  damage due t o  impact i s  
e l l i p t i c a l .  For t h e  specimens impacted without any applied a x i a l  s t r a i n ,  
the  s i z e  of t he  e l l i p s e  ranges from 3.6 cm wide by 4 . 3  cm long t o  4.6 cm 
wide by 5.8 cm long with semimajor axes or ien ted  i n  t h e  a x i a l  d i rec t ion .  
For specimen N20, which was impacted a t  100 m/& while loaded by an applied 
ax ia l  s t r a i n  of 0.0027, the  e l l i p s e  is  5.1 cm wide by 3.8 cm long with 
i ts  semimajor ax i s  or iented i n  t h e  t ransverse d i r ec t ion  which i s  a change 
in  or ien ta t ion  of 90' from t h e  specimens impacted without applied a x i a l  
s t r a in .  Instead of determining i t s  res idua l  s t rength ,  specimen N20 
was cross sectioned through t h e  l o c a l  impact-damaged region t o  determine 
the  character of the deanage. Photomicrographs of t h e  damaged region show 
extensive local  delamination and intraply matrix cracking t h a t  extends 
4.6 cm across the  width of the  specimen and is  similar  t o  t h a t  shown i n  
figure 9). This 1.2 crn increase i n  delamination width over the  3.4 cm 
del m i n s t  ion width of t h e  unloaded damage characterizat ion spec imf:n 
L3pacted at 95 m / s  indicates there  i s  coupling between the  applied a x i a l  
l.:.sd and local  deformation due t o  impact. This coupling may account for  
ttc lower residual  s trength of the  specimens impacted while loaded 
axia l ly .  
Philtographs of successive moire-fringe patterns frm t h e  res idual  
strength t e s t  of specimen N7 a re  shown in  f igure 9. Specimen N7 was 
hpact.ed a t  91 m / s  with no applied ax ia l  load. The photograph in  f igure  9a 
shows the  moire-fringe pattern of t h e  damaged region at 48 percent of t h e  
specimen residual strength. The s m a l l  l i g h t  colored c i rcu la r  region i n  
the center of the  specimen is  the  impact s i t e  which is beginning t o  defonn 
out-of-plane. This deformation is  t h e  f i r s t  observable response of t h e  
damaged region t o  the  applied axia l  load. Subsequent moire-fYinge 
patterns ( f igs .  9b and 9c) represent loca l  buckling of t h e  impact-damaged 
region t h a t  grows l a t e r a l l y  a s  the  applied load i s  increased. The 
photograph in  f i g u ~ e  gd shows the  f a i l e d  specimen with the  damage propagatsd 
l a t e r a l l y  across the  specimen i n  t h e  same manner as t h e  example shown i n  
figure 7. Examinati~n of the  fa i l ed  specimen removed from the  t e s t  
f ix ture  confirmed that  the  damage propagated l a t e r a l l y  and was confined 
axial ly t o  the  region indicated i n  f igure 9d. 
Circular-hole specimens. - Axial s t r a i n s  cx measured ir. t h e  v ic in i ty  
of four different  diameter holes a re  shown i n  f igure 10 normalized by the  
applied axia l  s t r a in  E, of 0.0026. The sever. s t r a i n  gages used t o  measure 
these s t r a ins  were d is t r ibuted along a l i n e  indicated by t h e  y-axis i n  t h e  
sketch i n  f igure 10. One of these gages was located on the  surface of t h e  
hole edge and the other s i x  were located st 0.16, 0.32, 0.64, 1.27, 1.91 
and 2.54 cm from the  hole edge. The gage locations y i n  f igure  10 a re  
normalized by the  hole dim-+.er D. The r a t i o  of measured s t r a i n  t o  
applied s t r a i n  for  t h e  four holes is  s l igh t ly  higher than t h e  calculated 
value of 3.31 for  the  r a t i o  of maximum s t r a i n  t o  applied s t r a i n  f o r  an 
in f in i t e ly  wide orthotropic p la te  determined from reference 5. Even though 
the resu l t s  indicate some finite-width e f fec t s  f o r  these 11.4 cm wide 
specimens, the s t r a i n s  near t h e  hole decrease rapidly t o  t h e  value of t h e  
applied s t r a i n  as  the  distance from t h e  holes increa:es. In  addition t o  
the  local  inplane axia l  s t r a ins ,  through-the-thickness o r  interlaminar 
normal s t r a ins  were measured a t  points on t h e  f r e e  edge of t h e  l a rge r  holes 
with s t r a i n  gages oriented pa ra l l e l  t o  the  hole axis. Typical data 
measured by three of these gages f o r  a 1.91-cm-diameter hole a r e  shown i n  
figure 11 a s  a function of applied load. The applied ax ia l  s t r a i n  is 
a l so  nhown for  coqsr ison.  The location of these th ree  gages is  
represented by the  small f i l l e d  c i r c l e s  i n  t h e  sketch i n  figure 11 and 
the gages are  labeled a s  gages 1, 2 and 3. Gage 1 indicates a t e n s i l e  
s t r a in  between 20 and 30 percent of t h e  applied ax ia l  s t r a in .  Gage 3 
indicates a compressive s t r a i n  of about 38 percent of t h e  applied s t r a in .  
Gage 2 ind ica tes  e small compressive s t r a i n  of about 8 percent of t h e  
applied ax ia l .  Near f a i l u r e  gages 1 and 2 become very e r r a t i c .  The 
combination of t he  high inplane compressive s t r a i n  and t h e  high in t e r -  
laminar t e n s i l e  s t r a i n  near t h e  hole  causes l o c a l  delamination t o  occur 
and propagate across  t h e  specimen a s  t h e  appl ied load is increased. The 
e r r a t i c  behavior of gages 1 and 2 near f a i l u r e  i s  probably due t o  l o c a l  
delamination i n  t h e  hole region. 
A s e r i e s  of photographs of t h e  propagating moire-fringe pa t t e rns  
fo r  a specimen with a 1.91-cm-diameter hole i s  shown i n  figure 12 f o r  
increasing values of applied load. Figure 12a shows a photograph of t h e  
specimen loaded t o  92.8 percent of t h e  ul t imate f a i l u r e  load  and t h e  
absence of moire f r inges  ind ica tes  t he re  a r e  no out-of-plane deformations 
evident. A t  a s l i g h t l y  higher load ( f ig .  12b) a small out-of-plane 
deformation region developed a t  t h e  l e f t  edge of t h e  hole.  These r e s u l t s ,  
along with t h e  s t r a i n  gage r e s u l t s  i n  t h e  hole  region and d i r e c t  v i sua l  
observations,  ind ica te  t h a t  a l o c a l  delamination has developed near t h e  
hole. A secocd l o c a l  delamination developed a t  t h e  r i g h t  edge of t h e  
hole ( f i g .  12c) a f t e r  another s l i g h t  increase i n  applied load. These 
delaminated regions continued t o  propagate, f i r s t  i n  sho r t  d i s c r e t e  incre- 
ments ( f i g .  12d) ,  and then rap id ly  at t h e  f a i l u r e  load ( f i g .  12e) .  The 
f a i l e d  specimen shown i n  f i gu re  12e was cu t  arong an a x i a l  l i n e  passing 
through the  center  of t h e  hole. A photograph of t h e  cross  sec t ion  o f  t h e  
specimen i n  f igure  13  ahows many l o c a l  delaminations through t h e  thickness  
of t h e  laminate. These de lmina t ions  extend completely across  t h e  specimen 
width but  only extend a shor t  dis tance i n  t h e  a x i a l  d i rec t ion .  
m e  t e s t  r e s u l t s  f o r  t h e  hole  specimens a r e  presented i n  Table I., 
and t h e  e f f e c t  of hole  diameter on f a i l u r e  s t r a i n  i s  shown i n  f igure  14. 
Results f~ -.r Table 2 f o r  t h e  cont ro l  t e s t s  a r e  a l s o  shown on t h e  ord ina te  
of f i gu re  14 f o r  comparison. Specimen H 1  with t h e  0.16 cm diameter hole  
f a i l e d  near an end support f i x t u r e  l i k e  t h e  cor,'.rol specimens and a t  about 
t h e  same s t r a in .  Thus, l o c a l  e f f e c t s  associated with t h e  t e s t  f i x t u r e  
were more c r i t i c a l  than those of t h e  hole  f o r  t h i s  specimen. -411 o ther  
specimens f a i l e d  i n  t h e  hole region a t  applied s t r a i n s  t h a t  decrease a s  
t h e  hole diameter increases.  The ca tas t rophic  f a i l u r e  threshold from 
f igure  6 f o r  specimens impacted a t  100 m / s  is a l s o  shown i n  f i gu re  1 4  as 
a dashed l i n e  f o r  comparison with t h e  hole  r e s u l t s .  
A conparison of the hole r e s u l t s  with t h e  impact-damage r e s u l t s  
ind ica tes  t h a t ,  f o r  t h e  p r o j e c t i l e  used i n  t h i s  inves t iga t ion ,  impact 
speeds of about 1 G O  m / s  degrade the  laminate compressive f a i l u r e  s t r a i n  
about 0.001 more than the  l a rges t  hole  studied. Impact speeds of about 
50 t o  60 m / s  have l i t t l e  e f f e c t  on t h e  compressive f a i l u r e  s t r a i n ;  even 
though ult .rasonic C scan inspect ion ind ica tes  i n t e r i o r  damage ( f i g .  ha) .  
However, a specimen loaded a x i a l l y  during impact a t  a speed of 50 t o  60 
m/s w i l l  f a i l  a t  about t he  same strair:  a s  a specimen with a 0.64 cm 
dicsleter hole. As indicated by a comparison of f i gu res  9a and 12b, t h e  
load a t  which delamination occurs i n  specimens with holes and impact 
damage usual ly d i f f e r s  . Delamination can occur due t o  impact regard less  
of t h e  applied load,  and t h e  delamination may not be evident from a 
v i sua l  inspection of t h e  impacted surface. Sublaminates formed by 
impact-induced delamination can buckle l o c a l l y  causing t h e  delamination 
t o  propagate when t h e  specimen is loaded. For a specimen with a hole ,  
delamination is  not i n i t i a t e d  u n t i l  t h e  appl ied a x i a l  load  i s  high 
enough t o  cause a l o c a l  f a i l u r e  at t h e  hole boundary. Thus, t h e  loads 
necessary t o  propagate delaminations could be  d i f f e r e n t  f o r  specimens 
with impact damage .)r holes ,  and t h e  use of hole-strength da t a  t o  
predict  impact-damage s t rength  may be questionable. 
Cyclic Load Tests  
The t e s t  parameters and r e s u l t s  f o r  t h e  cyclic-load specimens a r e  
presented i n  Table 5. Three specimens without impact damage were 
subjected t o  a t  l e a s t  one mil l ion cycles  with maximum applied a x i a l  
s t r a i n s  of 0.003, 0.004 and 0.005 respect ively.  These specimens showed 
no evidence of any change i n  s t i f f n e s s  due t o  t h e  cyc l i c  loading and 
the re  was no evidence o f  i n t e r i o r  damage from u l t r a son ic  C scan 
inspection due t o  cyc l i c  loading. 
Four unloaded specimens were impacted with p r o j e c t i l e s  with speeds 
of about 100 m / s  and then loaded cyc l i ca l ly  with various maximum applied 
s t r a i n  leve ls .  The i n i t i a l  impact damage was similar t o  t h a t  of t he  
other  specimens impacted a t  t h i s  speed and reported in  t h e  previous 
sect ion.  Three of t h e  four  impact-damaged specimens f a i l e d  at o r  less 
than 17300G cycles; t he  specimen with t h e  lowest maximum applied s t r a i n  
did not f a i l  before t h e  t e s t  was terminated at a mi l l ion  cycles.  The 
maximum cycl ic  s t r a i n s  and the  s t a t i c  f a i l u r e  s t r a i n s  f o r  specimens 
impacted without any applied a x i a l  load a r e  shown i n  f i g u r e  15. The open 
c i r c l e s  on the  absc issa  represent t h e  impact speeds f o r  t h e  unloaded 
impact specimens and t h e  f i l l e d  c i r c l e s  represent  t h e i r  r e s idua l  f a i l u r e  
s t r a in .  The r e s u l t s  from Table 2 f o r  t h e  cont ro l  specimens a r e  shown on 
the  ordinate  a s  f i l l e d  c i r c l e s  f o r  comparison. The open square i n  
f igure 15  represents  a t e s t  where t h e  loac? was cycled a m i l l i : , ?  times 
without f a i l u r e .  The f i l l e d  sauares  represent  t e s t s  where f a i l u r e  
occurred within a mi l l ion  cycles .  The maximum cyc l i c  s t r a i n s  t h a t  
f a i l ed  these  specimens a r e  below t h e  r e s idua l  s t rength  of  t h e  
corresponding s t a t i c a l l y  loaded specimens. During cyc l i c  l o a d i n ~  t h e  
impact-induced delaminated region buckled cyc l i ca l ly  out of plane. 
Specimen ~6 f a i l e d  by progressive delamination t h a t  s t a r t e d  t o  grow 
a f t e r  about 140000 cycles .  The growth of t he  delaminated region was 
monitored by observing t h e  changes i n  t h e  spal led region of t h e  b r i t t l e  
lacquer on the  specimen a s  shown by t h e  photographs i n  f i g u r e  16. 
Changes i n  t h e  spa l l a t i on  pa t t e rn  of t h e  b r i t t l e  lacquer provided a 
d i r e c t  way t o  monitor v i sua l ly  t h e  growth of subsurface damage. A t  t h e  
conclusion of t h i s  t e s t  t h e  specimen was inspected u l t r a son ica l ly ,  and 
the  r e s u l t s  indicated t h a t  t h e  f a i l u r e  was confined t o  t h e  spa l led  
region shown i n  Figure 16c. 
The impact damage i n  specime:~ ~4 did not grow a f t e r  a mi l l i cn  cycles  
and t h e  specimen was s t a t i c a l l y  loaded t o  f a i l u r e  t o  determine i ts 
res idus l  s t rength.  The specimen f a i l e d  through t h e  impact-damaged region 
a t  an applied s t r a i n  of 0.0034 which i s  on t h e  same order  a s  t h e  
s t a t i c a l l y  loaded impact specimens . These pl'eliminary da t a  suggest t h a t  ' 
cycl ic  compression loading of an impact-damaged laminate may fu r the r  
degrade the  res idua l  s t rength.  
CONCLUDING REMARKS 
An experimental inves t iga t ion  was conducted t o  determine t h e  e f f e c t  of 
low-velocity impact damkge and unloaded c i r c u l a r  holes  on t h e  compress~ve 
s t rength of a 48-ply or thotropic  larainate made of un id i r ec t iona l  Thornel 
300 graphi te  f i b e r s  preimpregnatsd with Narmco 5208 epoxy resi.n. Forty 
two specimens were fabr ica ted  from m i d i r e c t i o n a l  tapes  l a i d  up t o  form a 
(+45/0~/+45/0~/?45/0/90)~~ laminate and were t e s t e d  by e i t h e r  s t a t i c  
or  cyc l i c  compres- ~ l o n .  ' 
Specimens were impacted by a 1.27-cm-diameter aluminum sphere with 
speeds ranging from 52 t o  101 m / s .  Some specimens were iinpacted without 
any applied compressive load and then loaded t o  f a i l u r e  t o  determine t h e i r  
residual  s t rength.  Other specimens were loaded t o  a prescr ibed a x i a l  
compressive s t r a i n  and impacted while a t  t h a t  applied load. Loaded 
specimens t h a t  did not f a i l  ca tas t rophica l ly  on impact were inspected 
fo r  damage and subsequently loaded t o  f a i l u r e  t o  determine t h e i r  r e s idua l  
strength. For t he  range of p r o j e c t i l e  speeds considered low-velocity 
impact damage caused extensive l o c a l  i n t e r i o r  damage i n  t e laminate i n  
t he  form of matrix cracking and delamination without causing any v i s i b l e  
externel  damage a t  t he  impact s i t e .  Low-velocity impact damage can 
ser iously degrade the  s t a t i c  compressive s t rength  of t h e  laminate. 
Specimens t h a t  f a i l  a t  a x i a l  s t r a i n s  above 0.008 i n  t h e  undamaged 
cond-tion can f a i l  a t  s t r a i n s  a s  low a s  0.0031 when impacted a t  100 m/s. 
The compressive s t rength  of specimens impacted while loaded a x i a l l y  i s  
lower than specimens t h a t  were impacted without any applied a x i a l  load. 
This difference ind ica tes  t he re  i s  a coupling between t h e  l o c a l  deformation 
due t o  impact and t h e  applied compressive s t r a i n .  Once l o c a l  i n t e r i o r  
damage occurs, it can popaga te  across  t he  specimen as t h e  applied l c L d  
i s  increased and f a i l  t h e  specimen. 
Cyclic compression-compression loading can f u r t h e r  degrade t h e  
compression s t rength of impact-damaged specimens. Specimens impacted 
a t  100 m/s f a i l e d  a f t e r  l e s s  than a mi l l ion  cycles  f o r  mtutimum applied 
ax ia l  cycl ic  s t r a i n s  below t h e  s t a t i c  res idua l  s t rength  values.  
Circular  holes can a l so  reduce t h e  s t a t i c  compressive s t rength  of 
the  laminate. The f a i l u r e  s t r a i n  of t h e  specinlens decreased a s  the 
hole diameter was increased. Specimens impactad a t  speeds of 100 m / s  
f a i l e d  a t  lower applied ax ia l  s t r a i n s  than t h e  specimen with t h e  
l a rges t  hole diameter t e s t ed .  A d i s t i nc t ion  between t h e  e f f e c t s  of 
holes and impact damage i s  the  load a t  which delamination occurs. 
Impact-induced de lmina t ion  occurs on impact f o r  suff  i c i  en t ly  hi g11 
impact speeds regardless  o .  '.Fa applied s t r a i n  l eve l .  For holes ,  
delamination occurs near t h e  . , ~ l e  boundary when t h e  applied s t r a i n  is  
suf f ic ien t ly  high t o  cause loca l  f a i l u r e  due t o  l o c a l  s t r a i n  concen- 
t r a t i o n s .  Because of t h i s  difference between holes  and impact damage, 
the use of hcle-strength da ta  t o  pred ic t  impact-damage s t r e n g t t  may be 
questionable when high compressive s t r a i n s  must be ~ , : r r i e d .  
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TABLE 1- Lamina propert ies  used i n  buckling analyses. 
Cured ply thickness,  mm 
Longitudinal modulus, GPa 
Transverse modulus, GPa 
Shear modulus, GPa 
MaJor Poisson's r a t i o  
TABLE 2- Results of control  specimen t e s t s .  
a Maximum Specimen Thickness, cm Load, kN appl ied 
s t r a i n  
a Specimen dimension code: N = 11.4 cm by 24.8 cm; 
F = 12.7 cm by 25.4 cm. 
xi 
TABLE 3- Test r e s u l t s  f o r  impact-damaged specimens. p 
Load conditions Impact dat a Res i dgal  s t rength  
a t  impact 
a Specimen Thickness, Applizd Load, P r o j e c t i l e  I n t e r i o r  damage s i z e  Applied Load, 
c r  s t r a i n  k.N speed,m/s i n c e n t i m e t e r s  s t r a i n  kN 
Data not ava i lab le  
3.6 wide by 4.6 long 
3.6 wide by 4.3 long 
4.6 wide by 5.8 long 
Fa i led  on impact 
1.8 diameter c i r c l e  
2.3 diameter c i r c l e  
2.5 diameter c i r c l e  
Fei led on impact 
Fa i led  on impact 
Fai led on impact. 
Fa i led  on impact 
Data not ava i lab le  
Fai led on impact 
Fa i led  on impact 
Fai led on impact 
Fniled on impact 
5.1 vide by 3.8 long 
Fai led on impact 
Data not ava i lab le  
Fai led on impact 
Data not ava i lab le  
... ... 
Residual s t rength  
not determined 
a~pecimen dimension code: N = 11.4 cm by 24.8 cm; F = 12.7 cm by 25.4 cm. 
TABLE 4- Test results for circular hole specimens. 
Specimen Thickness, Hole Failure Failure 
cm diameter, strain load,kN 
cm 




Specimen Fro jectile Maximum R~ Number of Response 
impact applied cycles in 
speed,m/s strain millions 
C1 0 0.0030 35.9 1.73 No damage, 
test terminated 
C2 0 0.0040 45.8 1.0 No damage, 
test terminated 
C 3 0 0.0050 58.3 1.0 No damage, 
test terminated 
C4 100 0.0020 24.0 1.0 No damage growth, 
test terminated 
c? 101 0.0022 26.0 0.042 Failed during test 
26 96 0.0025 28.8 0.173 Slow delamination 
growth to failure 
C 7  96 0.0026 31.3 0.016 Failed during test 
'3 is the ratio of minimum to maximum applied loads. 
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Figure 6. - Effect of projectile speed on catastrophic failure st rain. 
liqure 7. - Tvpical fa i led impact-damaa~d soecimell 
0 STRAIN AT IMPACT 





- f  CATASTROPHIC FAILURE THRESHOLD FROM 






25 50 75 100 
PROJECTILE SPEED AT IMPACT, mlsec 
Figure 8. - Effect of projectile speed on residual strength. 
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Figure 1L - Interlaminar norr?al strains at the hole edge for a 
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Firlure 12. - Local delamination in hale region and p r n ~ a g ~ t i ~ n  
failure. 1.91 cm diameter hole. 
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Figure 14. - Effect of hole diameter on laminate compressive strength. 
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